Abstract-Radar measurements of windblown forest clutter were collected within the UHF radar band. Effects of depression angle and wind speed variations on the clutter spectra are investigated. It is found that less of the clutter energy is modulated away from DC as depression angle increases. An empirical model for the depression angle dependence is presented, along with measurements indicating the statistical variations of the model parameters.
I. INTRODUCTION
The purpose of this study is to investigate the depression angle dependence of windblown clutter spectrum in the UHF RADAR band. It is well documented that windblown clutter can limit the effectiveness of moving target indicator (MTI) radars [1] . The decreased performance is a direct result of the temporal decorrelation of the clutter radar returns. An accurate prediction of MTI radar performance therefore requires a realistic model for the clutter correlation function, or equivalently, the clutter power spectrum.
Over the past several decades, a significant number of windblown clutter measurements have been performed. The most comprehensive study is by Billingsley [2] , who used data from many radar bands from VHF to X to investigate windblown clutter spectra at grazing angles of a few degrees or less. Billingsley showed that a reasonable model for the windblown clutter spectrum is a delta-function DC term plus an exponential AC term: (1) Here mps v is Doppler velocity in meters per second, r is the ratio of the DC to AC power, and β is the shape parameter that determines the slope of the exponential spectrum. Note that the DC/AC ratio, r, is the ratio of the DC power to the integrated AC power. While the model agreed well with the data for most velocities, a "quasi-DC" region in the measurements with Doppler velocities smaller than approximately 0.25 m/s was found to have significantly larger power than included in the model, especially for lower frequencies such as UHF and VHF. The quasi-DC power was included in the DC portion of the DC/AC ratio of the exponential model. Billingsley generated empirical models for r and β . The DC/AC ratio model is Several authors have attempted to explain the spectral shape from physical and mathematical arguments. White [3] modeled the trees as random collection of cone-shaped cantilever beams oscillating in their fundamental modes, and found that including a uniform distribution of branch orientations produces an exponential spectrum. Lombardo and Billingsley [4] proposed a multi-scale approach based on the negative binomial distribution, obtaining a clutter spectrum model that includes the quasi-DC portion and reduces to an exponential for large
In this paper we present measurements of windblown clutter along with modeling results.
We adopt the exponential model discussed above as it is a simple analytical expression that accurately describes most of the observed clutter spectral features.
II. EXPERIMENTAL SETUP
Experiments were conducted in April 2003 and November 2003 from a 300 foot tower on Redstone Arsenal in Huntsville, Alabama. An aerial photo of the site is shown in Figure 1 , which indicates the 45 o beamwidth and range rings at 12, 22 and 30 degree depression angles. It is clear that the region between 12 and 22 degrees is a relatively homogenous patch of forest. Both deciduous and pine trees were abundant in the area. In April the trees were full of leaves and the forest outside the loop road was very dense; the region inside the road had been thinned. The forest outside the road was thinned between data collections, and many of the leaves had dropped by the November experiment. Thus the two collections had significant differences in clutter environment.
A low power UHF RADAR (420-450 MHz) was used to collect the data for our study. The RADAR hardware consisted of an arbitrary waveform generator, a 1 Watt power amplifier, a custom stretch receiver, and a National Instruments data acquisition card. A PC controlled the entire system. The RADAR collected 25 second coherent processing intervals (CPI).
During the initial April collection the radar collected HH polarization data only; for the November collection the system collected simultaneous HH and VV measurements by switching polarization pulseto-pulse. The radar used two antennas, one antenna for transmit and another for receive, so the RADAR system was technically bistatic. However, the bistatic angle was smaller than 0.6 degrees in the ranges of interest so the resulting phenomenological measurements are a reliable proxy for monostatic measurements. Details of the system are provided in Table 2 .
Wind speed and direction were measured at a 1 Hz rate by a weather station mounted on the tower at 80 feet altitude, which was approximately 10 feet above the top of the forest canopy. As the wind sensor was on the tower with the radar it did not record the local wind conditions for each radar range gate. However, the wind measurements do indicate the general wind conditions during each CPI. 
III. DATA PROCESSING AND RESULTS
The first step in the data processing was range compression and Doppler filtering, both using 80 dB Chebyshev windows to ensure the DC clutter sidelobes were below the noise floor of the system. The Doppler filtering followed the technique suggested by Billingsley [2] ; every 5th pulse of each 25 second CPI was processed separately, and the resulting 5 power spectra were averaged. Each range bin was then normalized to have unit integrated gain. A nonlinear least squares technique was used to determine the parameters of (1) with an additional constant noise term. Finally, the goodness of fit was evaluated and range bins with poor fits were discarded. It should be noted that only the data with Doppler velocities greater than 0.25 m/s were used for the fits in order to exclude the quasi-DC portion of the spectrum.
Example spectra and model fits are presented in Figure 2 . Both spectra are from different range bins of the same CPI in which the mean wind was 5.5 miles per hour. Measured spectra are plotted in blue, while model fits are plotted in green. Note that the exponential model is in good agreement with the data. Figure 2a is the exponential model fits the data quite well, in the quasi-DC region where the Doppler velocity is less than 0.25 m/s the data tends to have much higher power than predicted by the model. The power in the quasi-DC region is implicitly included in the DC power when fitting the model parameters.
The above processing was applied to a large number of CPIs, and the data were sorted according to average wind speed during the CPI. Plots of the median values of the model parameters measured on April 17, 2003 are shown in Figure 3 . The upper panel displays the DC/AC ratio, r, as a function of depression angle; the different wind speeds are represented by the different colored lines. As expected, for a fixed depression angle the DC/AC ratio decreases as the wind speed is increased. Furthermore, the data indicated that r increases with depression angle up to around 28 degrees. As discussed above, the region between 12 and 22 degrees was approximately homogeneous forest, so the results are most reliable there. The break in the trend around 28 degrees is most likely the result of the thinner forest and a smaller percent of the beam containing trees. Note that the values near 12 degrees are within a few dB of angle, and that it decreases with increasing wind speed. In all figures the region between 13 and 14 degrees has been discarded as it included a calibration target that invalidated the clutter modeling results. While the April collection only included HH polarization, the November collection included both HH and VV by alternating polarization pulse to pulse. April to November, we find that the November measurements have slightly higher DC/AC ratios. The November VV DC/AC ratios were smaller than the HH DC/AC ratios. However, for all cases the trend with depression angle is the same. We note that we used a larger range of wind speeds for this plot since in the November measurements we did not measure a clear wind speed dependence at a 1 m/s resolution. Evidently, for April 17, 2003 the wind speed measurements at the tower are a very good indicator of the wind conditions in the entire area, while for November 4 the wind field was more complicated.
The DC/AC ratio trend with depression angle may be qualitatively understood by considering the strong scattering from the largest branches deep in the canopy and the ground-trunk dihedral scattering. These contributions to the DC and quasi-DC power are attenuated by propagation through the forest canopy according to
where θ is the depression angle and A is a function of frequency and the forest type, but would be approximately 4.5 dB for horizontal polarization at 435 MHz [5] . Thus at shallow angles these strong scattering mechanisms are heavily attenuated in radar measurements. A simple model for the DC/AC ratio (in dB) would then be where the argument of the maximum operator is the DC and quasi-DC power from under the canopy, and the maximum operator itself is included since the canopy DC scattering is not attenuated. The other terms are the DC and AC contributions from the upper canopy, and are expected to be only weakly dependent on depression angle. Thus, at shallow angles there is no contribution from the groundtrunk scattering and the DC/AC ratio is not a function of depression angle. As the depression angle is increased, the attenuation on the ground-trunk dihedral scattering is significantly reduced, and the reduction in this attenuation will cause the DC/AC ratio to increase with depression angle.
The top panel of Figure 5 presents a histogram of the DC/AC ratio measurement for wind speeds between 2 and 3 m/s, all measured during April 17. The data were selected from depression angles between 20 and 21 degrees. Note the spread of approximately +/-8 dB, which is typical in the measurements. Even measurements of a single range bin separated by one minute display these large fluctuations in DC/AC. The 8-10 dB spread is also consistent with the spread in power if one observes the power in the ½ m/s Doppler bin over multiple CPIs. A histogram of the β parameter is shown in the bottom panel of Figure 5 . In this example, the spread is 2.7 s/m, and spreads of 2-3 s/m are typical. The statistical nature of the results are not surprising when one considers that each limb of each tree has it's own orientation, elastic properties, drag, and geometrical blocking effects from the wind. Furthermore, the wind itself has both spatial and temporal variations.
Clearly, the most comprehensive radar performance model should include the statistical nature of the clutter spectrum.
IV. AN EMPIRICAL MODEL
A simple empirical model of the DC/AC ratio dependence on depression angle has been developed from the measurements. As mentioned earlier, the region between 12 and 22 degrees depression are the most reliable data in that the region was a relatively homogeneous, dense forest. The simplest model that includes no extrapolation beyond our most reliable measurements is piecewise linear model of DC/AC as a function of depression angle. A linear model was fit to the measurements and it was found that between 14 and 22 degrees the DC/AC ratio increased by 0.82 dB per degree. Figure 6 presents [5] , indicating that the depression angle dependence may be more complicated than our simple argument suggests. However, as shown in Figure 7 , this model is in good agreement with the data up to 22 degrees, and provides a plausible way to extend the results to steeper depression angles for parametric studies.
V. Summary This paper presented UHF windblown clutter spectra and model parameters collected at the Redstone Arsenal. The measurements included depression angles up to 22 degrees, while previous studies focused on depression angles of a few degrees or less. It is found that the DC/AC ratio increases at steeper depression angles, and empirical models for the depression angle dependence were presented. While the measurements were only performed at a single location, the general trend in the DC/AC ratio in the UHF band is expected to hold at other locations since foliage attenuation of strong DC and quasi-DC scattering is expected to produce such results.
ACKNOWLEDGMENT
The authors wish to thank the guidance of Serpil Ayasli and the guidance and support of Lee Moyer during this study.
As with all experiments many people were responsible for the success, including A. Buck, L. Chen, R. Downing, G. Fawcett, A. Filip, A. Marsala, and S. Matthews. 
